ABSTRACT Field studies were conducted in 1992 and 1993 in Hermiston, Oregon, to evaluate nontarget impacts of transgenic Bt potato (Newleaf) expressing Cry3Aa protein derived from Bacillus thuringiensis (Bt) Berliner subsp. tenebrionis and conventional insecticides for control of the Colorado potato beetle (CPB), Leptinotarsa decemlineata (Say). Pitfall traps were used to estimate the abundance of nontarget ground-dwelling arthropods in different treatment plots. There were no signiÞcant differences in the trap captures of major ground-dwelling coleopteran predators such as carabids (Coleoptera: Carabidae) and staphylinids (Coleoptera: Staphylinidae) among Bt and non-Bt potato Þelds treated with weekly sprays of a microbial Bt-based formulation containing Cry3Aa, biweekly applications of permethrin, early and mid season in-furrow applications of systemic insecticides (phorate and disulfoton), or no insecticides. While weekly sprays of permethrin signiÞcantly reduced the trap capture of ground-dwelling spiders (Araneae), there were no signiÞcant differences in the capture of spiders between Bt and non-Bt-potato Þelds treated with Bt sprays, systemic insecticides, or no insecticides. SigniÞcantly more springtails (Collembola: Entomobryidae and Hypogastruridae) were captured in potato Þelds treated with permethrin than with any other CPB control regime (transgenic Bt potato alone, microbial Bt formulation containing Cry3Aa, applications of systemic insecticides, or no action controls), among which there were no signiÞcant differences. The relevance of these Þndings to Þeld evaluation of nontarget impacts of transgenic Bt crops is discussed.
POTATO PLANTS GENETICALLY modiÞed to produce the insecticidal protein Cry3Aa derived from the bacterium Bacillus thuringiensis (Bt) Berliner subsp. tenebrionis are one of the Þrst commercial examples of genetic engineering of crops for insect pest control (Perlak et al. 1993 ). This transgenic Bt potato (Newleaf) has been shown to be highly effective in controlling the Colorado potato beetle (CPB), Leptinotarsa decemlineata (Say), one of the most destructive pests of potato in many regions of the world, including the United States (Perlak et al. 1993 , Reed et al. 2001 . Although this Bt potato cultivar shows great potential in reducing pesticide applications for control of CPB in potato ecosystems, concerns have also been raised about the possible impact of this novel pest control technology on various groups of nontarget organisms of ecological and economic value (Williamson 1992 , Poppy 2000 , Reed et al. 2001 .
Recent studies Barbosa 1998, 2000; Reed et al. 2001 ) have investigated potential effects of this transgenic Bt potato cultivar on nontarget arthropods in potato ecosystems. These studies have primarily focused on nontarget arthropods dwelling on the potato plant, and found no direct adverse effects on various groups of natural enemies (predators) and nontarget potato pests. To date, little information exists on the possible effects of Bt potato on various groups of nontarget arthropods dwelling on the soil surface in potato ecosystems. Many groups of ground-dwelling nontarget arthropods play important roles in the functioning of agricultural ecosystems. For example, several groups of ground-dwelling predators such as spiders (Araneae), ground beetles (Coleoptera: Carabidae), and rove beetles (Coleoptera: Staphylinidae) have been shown to play important roles in regulating populations of plant pests in many crop ecosystems (e.g., Lee 1991 , Kirk 1971 , Los and Allen 1983 , Clark et al. 1994 , Wit-mer et al. 2003 , whereas ground-dwelling detritivores such as springtails (Collembola) are often considered to play a major role in degradation of plant debris on the ground or in the soil (Wallwork 1970, Hanlon and Anderson 1980) . The research in this study evaluates possible effects on major groups of ground surface-dwelling nontarget arthropods of the transgenic Bt (Newleaf) potato cultivar in contrast to several other CPB control options (different pesticide regimes). The main objective of this research was to compare the season-long abundance of these groups of ground-dwelling nontarget arthropods, including spiders, ground beetles, rove beetles, and springtails, in Oregon potato ecosystems treated with various insecticidal regimes.
Materials and Methods
The experimental design for this research was the same as described in Reed et al. (2001) , except for the sampling method used for estimating the relative abundance of nontarget arthropods dwelling on the soil surface. Brießy, the experiment consisted of six different treatment regimes for control of CPB populations. These treatments were: 1) Conventional Russet Burbank potato alone with no insecticide treatments.
2) Conventional Russet Burbank potato with infurrow applications of the systemic insecticides phorate (Thimet 15G, 0.984 kg ai/acre) and disulfoton (Di-Syston-8, 1.52 kg ai/acre) in early June (at planting) and July (at cultivating), respectively.
3) Conventional Russet Burbank potato treated with a total of Þve biweekly foliar sprays of permethrin (Pounce 3.2 EC, 0.0091 kg ai/acre) beginning in late June.
4) Conventional Russet Burbank potato with a total of nine weekly foliar sprays of microbial Bt Berliner subsp. tenebrionis pesticide (M-trak, 0.71 liter/Acre) beginning in late June. 5) Transgenic Bt Russet Burbank (Newleaf) potato alone with no insecticide treatments. The transgenic Bt potato contains a single Cry3Aa gene encoding full-length Cry3Aa protein, which is effective in controlling larvae and adults of CPB. 6) Transgenic Bt potato treated with in-furrow applications of the systemic insecticides phorate and disulfoton. The rate and timing of the systemic insecticide applications were the same as with the systemic insecticide treatments for conventional potato plants. Detailed information on the active ingredient, insecticidal properties (selectivity), and mode of delivery of these pesticides can be found in Reed et al. (2001) .
The experiment was conducted in a 3-acre potato Þeld in 1992 and 1993 at the Hermiston Agricultural Research Extension Center of Oregon State University (Hermiston, OR). The Þeld was divided into 36 experimental plots, and 6 (treatments) ϫ 6 (replicates) Latin square designs were used to compare effects of the 6 insect control regimes. Each experimental plot (i.e., experimental unit) consisted of the treatment area (Ϸ16 ϫ 16 m in 1992 and 14 ϫ 14 m in 1993) of potato plants, which was bordered on all sides by an outer walkway (Ϸ1 m wide) and by untreated conventional Russet Burbank potato plants (1.5Ð3 m in width). Agronomic procedures such as fertilization and irrigation for all treatment plots were the same as used by local farmers for growing potatoes, except that experimental plots were hand planted, seeded 23Ð36 cm apart in rows spaced 86 cm apart.
For sampling the abundance of arthropods inhabiting the soil surface, two pitfall traps were placed at diagonally opposite corners of the central (5 ϫ 5 m 2 ) area of each treatment plot. The pitfall trap consisted of a 16-ounce plastic drinking cup (Solo P-16) with an inserted funnel (made by cutting the bottom out of a solo TP9 cup). A liquid solution containing a wetting agent and copper sulfate was used to capture the trapped arthropods. The pitfall traps were checked twice weekly. On each sampling day, arthropod captures were brought back to the laboratory, where major groups such as ground beetles, rove beetles, springtails, and spiders were sorted, identiÞed, and enumerated. The taxonomic identiÞcation of the major arthropod groups was targeted to the family level, except for spiders. Voucher specimens for each group of arthropods collected in this study were deposited at the Hermiston Agricultural Research and Extension Center.
Data Analysis. We focused primarily on the effects of different insect pest control regimes on the total (seasonal) trap capture for each arthropod group during the entire growing season. The number of individuals captured in each plot (by the two pitfall traps) at different sampling times was summed to give season-long totals for each arthropod group, and then these plot totals were analyzed by analysis of variance (ANOVA) with a Latin square design. Logarithmic transformations were used to stabilize the normality of these totals for the ANOVA. Transformed means of the total trap captures for each arthropod species or group across the six replicate plots were compared among treatments using Tukey-Kramer multiple mean comparison procedures; untransformed means are presented. All statistical calculations were performed using JMP Statistical Discovery software (SAS Institute 1995), with a type I error rate of 5% (P ϭ 0.05). In addition, patterns of population change during the season in the major groups of ground-dwelling arthropods were examined graphically by plotting the average number of individuals captured in each plot at each sampling time.
Results
In both 1992 and 1993, the major groups of grounddwelling arthropods captured across all treatments (Table 1) included springtails (Collembola: Entomobryidae and Hypogastruridae), spiders (Araneae), ants (Hymenoptera: Formicidae), coleopteran predators (Coleoptera: Carabidae and Staphylinidae), and other (nonpredatory) coleopterans (Coleoptera: Anthicidae, Cetoniidae, Curculionidae, Scarabaeidae, and Lathridiidae). Together, these major groups of ground-dwelling arthropods accounted for Ͼ92% of pitfall trap captures throughout the season. In both years, very few (Ͻ1% of total captures) centipedes (Chilopoda) were collected, and thus they were not included in the analyses. In addition, some ßies (Diptera), wasps (Hymenoptera), and hemipteran predators (such as Geocorus sp, Orius sp, and Nabid sp) were caught in the pitfall traps; however, these insects were considered to be accidental or secondary captures because their typical habitats are known to be above ground on plants, and thus they were not included in the analyses.
The total seasonal trap captures of the major ground-dwelling arthropods varied signiÞcantly among different CPB control regimes and between years (Table 2 ). In both 1992 and 1993, springtails were the most abundant group, and their numbers were signiÞcantly higher in plots with non-Bt potato plants treated with permethrin than with any other insect control regime (F ϭ 3.67; df ϭ 5, 20; P ϭ 0.0162 in 1992; F ϭ 11.80; df ϭ 5, 20; P Ͻ 0.0001 in 1993), among which there were no signiÞcant differences (P Ͼ 0.05).
Among the ground-dwelling coleopterans captured, carabids (ground beetles) were the most abundant group, with a total of 1,089 and 2,378 individuals captured in 1992 and 1993, respectively. In contrast, a total of 152 and 422 staphylinids (rove beetles), and 256 and 210 other (nonpredatory) coleopterans, were captured in 1992 and 1993, respectively. There were no signiÞcant differences in pitfall captures of any coleopteran group among different CPB control regimes in both 1992 (for carabids, F ϭ 0.76; df ϭ 5, 20; P ϭ 0.7611; for staphylinids, F ϭ 1.51; df ϭ 5, 20; P ϭ 0.2326; and for other nontarget coleopterans, F ϭ 2.38; df ϭ 5, 20; P ϭ 0.0751) and 1993 (for carabids, F ϭ 0.69; df ϭ 5, 20; P ϭ 0.367; for staphylinids, F ϭ 1.91; df ϭ 5, 20; P ϭ 0.1380; and for other coleopterans, F ϭ 0.84; df ϭ 5, 20; P ϭ 0.5377). The abundance of these ground-dwelling coleopterans captured in the transgenic Bt potato plots not treated with any insecticides was comparable to other treatments (including conventional potato plots with no insect control treatments). Even biweekly applications of permethrin sprays did not appear to have signiÞcantly impacted the abundance of these ground-dwelling Coleoptera.
In 1992, captures of spiders were signiÞcantly lower in potato plots treated with biweekly permethrin sprays than in any other treatment plots (F ϭ 7.04; df ϭ 5, 20; P ϭ 0.006), indicating adverse effects of permethrin sprays on spider populations. This effect was not signiÞcant in 1993 (F ϭ 1.72; df ϭ 5, 20; P ϭ 0.1761).
Graphical examination of the population dynamics of these major ground-dwelling arthropods (Fig. 1 , AÐE, and Fig. 2, AÐE) indicated that the patterns of population change during the season varied between years, among taxonomic groups, and among CPB control regimes. In both 1992 (Fig. 1A) and 1993 ( Fig. 2A) , pitfall captures of springtails were consistently higher in mid to late season (from mid July or early August onward) in the potato plots treated with biweekly b Two genera were identiÞed from Collembola samples collected during the study, but were not enumerated separately during sampling. These two genera were Entomobrya sp. (Entomobryidae) and Shaefferia sp. (Hypogastruidae).
c Other Coleoptera included both adults and larvae of nonpredatory groups such as antlike ßower beetles (Anthicidae), brown ßower beetles (Cetoniidae), weevils (Curculionidae), scarab beetles (Scarabaeidae), and minute brown scavenger beetles (Lathridiidae). a Values in each row followed by the same letter are not signiÞcantly different at the 0.05 level according to ANOVA (Latin square design) and Tukey-Kramer multiple mean comparison procedures (NOC ϭ conventional potato with no control measures; SYS ϭ conventional potato with systemic insecticide treatments; PYR ϭ conventional potato with pyrethroid treatments; MBT ϭ conventional potato with microbial Bt sprays; TBT ϭ transgenic Bt potato alone; TBTSYS ϭ transgenic Bt potato with systemic insecticide treatments). 
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sprays of permethrin than any other treatment, including plots of transgenic Bt potato with or without systemic insecticides, and conventional potato plots treated with microbial Bt foliar sprays. However, few differences were apparent in pitfall captures of ground-dwelling Coleoptera in either year (Fig. 1 , B-D, and Fig. 2, B-D) . In contrast, populations of spiders in the potato plots treated with biweekly permethrin sprays were consistently lower than with any other treatment throughout the season in 1992 (Fig.  1E) and from early to mid season in 1993 (Fig. 2E ).
Discussion
Results from the 2 yr of Þeld trials indicated that the effects of CPB control measures on nontarget grounddwelling arthropods varied with taxonomic group and insect control regime. While weekly sprays of permethrin signiÞcantly reduced pitfall captures of ground-dwelling spiders (Araneae), there were no signiÞcant differences in the captures of spiders among Bt and non-Bt potato Þelds treated with Bt sprays, systemic insecticides, or no insecticides. For springtails (Collembola: Entomobryidae and Hypogastruridae), however, permethrin treatments significantly increased seasonal trap captures, whereas there were no signiÞcant differences in trap captures among other CPB control regimes (transgenic Bt potato alone, microbial Bt formulations containing Cry3Aa, applications of systemic insecticides, or no action controls). For ground-dwelling coleopterans, including carabids, staphylinids, and nontarget plantfeeding taxa, foliar sprays of permethrin and soil applications of systemic insecticides (phorate and disulfoton) did not have signiÞcant impacts on seasonal trap captures.
Many studies have shown that permethrin and the systemic insecticides, phorate and disulfoton, have broad toxicity against many groups of arthropod natural enemies, including spiders, predaceous hemipterans, ladybird beetles, and lacewings (e.g., Cherry and Pless 1971 , Croft 1994 , Castane et al. 1996 , Boyd and Boethel 1998 . However, a previous study (Reed et al. 2001) showed that, unlike foliar sprays of permethrin, in-furrow applications of systemic insecticides have the potential to limit the exposure risk of natural enemies dwelling in potato ecosystems. In contrast, insecticidal Cry proteins including Cry3Aa microbial Bt formulations or transgenic Bt crops have little activity against diverse groups of nonchrysomelid arthropods including predators, parasitoids, and detritivores (see review in Keller and Langenbruch 1993 , EPA 2001 , Duan et al. 2003 . The narrowness of Cry3AaÕs spectrum of activity is evidenced in the current study by the absence of impact from microbial Bt formulations and transgenic potatoes on nontarget plant-feeding Coleoptera (see Table 2 ) that might have been directly exposed to the Cry3Aa protein. Thus, it is to be expected that the permethrin treatments in this study should have reduced the abundance of susceptible nontarget arthropods such as spiders, whereas other treatments (Bt and non-Bt potato alone, or treated with systemic insecticides) had little effect on nontarget arthropods.
For ground-dwelling carabids, staphylinids, and nontarget phytophagous coleopterans, however, biweekly sprays of permethrin did not appear to have any signiÞcant impacts on seasonal captures. The lack of treatment effects on these groups in this study might be because the small size of the plots led to any treatment effects being obscured by the strong dispersal activity of these groups. Several studies (e.g., Jepson and Thacker 1990 , Jepson et al. 1994 , Petit et al. 2003 have indicated that large plot sizes are required to study pesticide treatment effects on ground beetles because of their ability to disperse for long distances (Ͼ50 m). Thus, future studies with large plots may be needed to fully evaluate the impact of some of these different pest control measures.
Applications of broad-spectrum insecticides such as permethrin are known to cause outbreaks of secondary pests like aphids and spider mites because of their adverse effects on diverse groups of natural enemies. Reed et al. (2001) showed that biweekly sprays of permethrin in Oregon potato Þelds caused late season outbreaks of the secondary potato pest, Myzus persicae (Sulzer), apparently through disruption of natural enemies such as spiders, big-eyed bugs (Geocorus sp.), damsel bugs (Nabis sp.), and minute pirate bugs (Orius sp.), whereas no such effects were seen with other insect control treatments. In this study, the signiÞcant increase in the seasonal capture of springtails in permethrin treatment plots is probably caused by the disruption of natural enemies such as spiders dwelling both on the soil surface (see Table 2 ) and on potato plants (e.g., Reed et al. 2001) . Our unpublished data (G.R. and A.J.) showed that spiders captured during this study included species from the families Araneidae, Clubionidae, Dictynidae, Linyphiidae, Lycosidae, Oxyopidae, Salticidae, Theridiidae, Tetragnathidae, and Thomisidae. Many of these species are known to be generalist web-weavers or hunters feeding on small soft-bodied prey, including springtails in agroecosystems (Nyffeler 1999 , Marcussen et al. 1999 . Thus, the reduction of spider populations by foliar applications of permethrin in this study is one possible mechanism for the observed increase in springtail populations.
Overall, the current study indicates that the use of broad-spectrum insecticides for CPB control appears to have not only direct toxic effects on susceptible nontarget ground-dwelling arthropods such as spiders, but also indirect effects on nontarget organisms such as springtails. In contrast, Newleaf potatoes, application of a Bt-based formulation, and systemic insecticides appear to have no measurable direct or indirect effects on these groups of ground-dwelling arthropods. However, future large-scale studies may be required to detect any signiÞcant effects of CPB control measures on very mobile nontarget ground-dwelling Coleoptera such as carabids and staphylinids. In addition, major groups of ground-dwelling arthropods sampled in this study were identiÞed only to the taxonomic level of family or order. Differential responses of genera or species to CPB treatments could not be distinguished. Future studies should attempt to identify the major arthropods involved to genus or species so that differential responses can be examined.
